Aberrant activation of NRF2 is as a critical prognostic factor that drives the malignant progression of various cancers. Cancer cells with persistent NRF2 activation heavily rely on NRF2 activity for therapeutic resistance and aggressive tumorigenic capacity.
| INTRODUC TI ON
Cancer cells have elevated nutrient demands and exploit an altered metabolism for aggressive proliferation and survival. The unique metabolic activities of cancer cells confer cell-autonomous advantages, enabling efficient energy production and the incorporation of nutrients into the biomass and increasing antioxidant and detoxification capacities. 1 In addition, recent studies have revealed that the altered metabolism in cancer cells modulates the tumor microenvironment. 2, 3 Metabolic competition between cancer cells and T lymphocytes is one of the explanations for how cancer cells evade anti-tumor immunity. 4 Metabolic instruction of tumor-associated macrophages by cancer cells is another explanation for the immune evasion of cancer cells. 5 Based on these points of view, nutrients and metabolites are regarded as signaling molecules for intercellular communications between cancer cells and their microenvironments.
The KEAP1-NRF2 system is a major inducible defense mechanism against redox disturbance. 6 NRF2 is a potent transcription activator regulating a battery of cytoprotective genes. KEAP1 is a negative regulator of NRF2, forming a ubiquitin E3 ligase with CUL3, and the KEAP1-CUL3 complex ubiquitinates NRF2 for degradation under non-stressful conditions. Exposure to reactive oxygen species and/or electrophiles causes a direct modification to the KEAP1 cysteine residues, resulting in the decline in the ubiquitin E3 ligase activity of the KEAP1-CUL3 complex and the stabilization of NRF2. Adequate activation of NRF2 is beneficial for human health by preventing and alleviating various pathological conditions. In contrast to the positive impacts of the NRF2 function, cancer cells often hijack the KEAP1-NRF2 system. NRF2 is aberrantly activated in cancer cells due to various causes, including somatic mutations in the KEAP1 and NRF2 (NFE2L2) genes, and confers growth and survival advantages on cancer cells. Multiple lines of evidence suggest that aberrantly activated NRF2 in cancer cells drives their malignant progression and that the cancer cells consequently develop "NRF2 addiction." 7 NRF2-mediated activation of cytoprotective genes explains the therapeutic resistance of NRF2-addicted cancer cells. In addition, in proliferating cells, NRF2 redirects glucose and glutamine into anabolic pathways by activating metabolic genes, which further accelerates the proliferation of cancer cells. 8 We recently found that, under the influence of the microenvironment, NRF2 strongly promotes tumorigenesis by inducing cytokines and prostaglandin-metabolizing enzymes and possibly by helping cancer cells evade anti-tumor immunity. 9 These results suggest the presence of some kind of communication between cancer cells and their microenvironments, which can be direct cell-cell interactions, humoral factors, such as peptides, cytokines and chemokines, exosomes and other extracellular vesicles. In this study, we chose to analyze the nutrients and metabolites that act as signaling molecules for cancer cells to communicate with their microenvironments, characterizing the metabolic signatures of the inside and outside of NRF2-addicted cancer cells in comparison with those of NRF2normal cancer cells.
We collected 88 cell lines of non-small-cell lung cancers (NSCLC) (49 adenocarcinoma, 14 large cell carcinoma, 15 squamous cell carcinoma and 10 others) and conducted an exome analysis to clarify their mutation profiles. The transcriptome data obtained from a public database, Cancer Cell Line Encyclopedia, were used to evaluate the activation status of the NRF2 pathway in each cell line. Based on the comparison of mutation profiles and NRF2 activation status, the NSCLC cell lines were classified into three groups: NRF2-high, NRF2-middle and NRF2-low cell lines.
Targeted metabolomics (T-Met) analysis was conducted for the cell lysates and culture supernatants of representative 52 cell lines (29 adenocarcinoma, 10 large cell carcinoma, 9 squamous cell carcinoma and 4 others) out of the 88 cell lines, and global metabolomic (G-Met) analysis was conducted for the culture supernatants of 18 cell lines (14 adenocarcinoma, 2 large cell carcinoma, 1 squamous cell carcinoma and 1 other) out of the 52 cell lines used for the T-Met analysis. The differentially produced metabolites detected in the G-Met analysis were associated with the transcripts of metabolism-related genes using our in-house transcriptome data, which was obtained from the 18 cell lines, to obtain a clue to understanding the biological roles of the metabolites. The present study provides comprehensive and elaborate information on the metabolic features of NRF2-activated NSCLC cells, some of which may be interpreted as biomarkers for evaluating the NRF2 activation status in normal tissues. Table S1 .
| MATERIAL S AND ME THODS

| Cell culture
Cell line information is listed in
All NSCLC cell lines were cultured in RPMI 1640 medium supplemented with 10% FBS with penicillin/streptomycin under 5.0% CO 2 at 37°C. For metabolome analysis, the same number of cells were seeded in six 6-cm dishes. Three dishes were used for cell K E Y W O R D S culture supernatant, metabolites, metabolome, non-small-cell lung cancer, NRF2 number count at 24, 48 and 72 hours after seeding, and the area under the curve (AUC) value of the cell numbers during the 72 hours of culture was calculated for each cell line and used for the normalization of metabolites in the culture supernatant. The remaining three dishes were used for sample preparation. Culture supernatants (500 µL) were collected in 2D barcode storage tubes (Thermo Fisher Scientific) and kept at −80°C until analysis. Cell lysates were prepared by methanol extraction. The cell number at 72 hours after observation was used for the normalization of metabolites in the cell lysate. DNA was purified using DNeasy Blood & Tissue (Cat. 69504, QIAGEN). RNA was purified using ISOGEN (Nippon Gene) following a standard protocol provided by the manufacturer. 
| Selection of representative NRF2 target genes for classification of non-small-cell lung cancer cell lines
| Correlation analysis of metabolites and transcripts of 18 non-small-cell lung cancer cell lines
Spearman correlations between all pairs between differentially detected metabolites in G-Met analysis and transcripts related to genes assigned as the "Metabolism" category in REACTOME 10 were calcu- 
| RE SULTS
| Mutation signatures of the non-small-cell lung cancer cell lines with high NRF2 activity
To characterize a mutation profile leading to an elevated activity of the NRF2 signaling pathway in NSCLC, we conducted exome analysis of 88 NSCLC cell lines (Tables S2-S4 ). These cell lines were categorized into three groups according to the NRF2 pathway activity, for which the expression levels of the NRF2 target genes were obtained from the Cancer Cell Line Encyclopedia (GSE36133 in the GEO database). We first selected 15 typical NRF2 target genes (NQO1, GCLC, GCLM, SLC7A11, BLVRB, FTH1, FTL, G6PD, GSR, IDH1, ME1, PGD, PRDX1, TXN and TXNRD1) and ranked the 88 cell lines by the expression level of each target gene. The 88 cell lines were sorted according to the rank summation ( Figure 1A ). Because the same analysis using 4 representative NRF2 target genes out of the 15 generated a mostly similar order of the cells ( Figure 1A ), we decided to use the expression levels of the 4 NRF2 target genes, NQO1, GCLC, GCLM and SLC7A11, for classifying the NSCLC cell lines ( Figure 1B ; cell groups colored in pink, grey and light green with high, middle and low activities of NRF2, respectively). The cells in the group colored in pink were designated as the NRF2-high NSCLC cell lines. The cell order using the rank summation of the 4 genes mostly segregated high and low expressor cell lines for the remaining 11 target genes ( Figure 1B ).
The histological type did not show any obvious correlations with NRF2 activity, but large cell carcinomas (LCC) appeared to be weakly enriched in the group with low NRF2 activity ( Figure 1B ).
Many of the 30 NSCLC cell lines with high NRF2 activity possess
non-synonymous mutations in either KEAP1, NRF2 (NFE2L2) or CUL3 ( Figure 1B) . These mutations were expected to disrupt the F I G U R E 1 Classification of 88 NSCLC cell lines according to expression levels of representative NRF2 target genes. A, Comparison of cell rankings according to expression levels of 15 and 4 representative NRF2 target genes. The continuous red to blue color code represents the ranking, in which the higher ranking indicates the higher expression levels of NRF2 target genes. B, Classification of the cells according to the 4 representative NRF2 target genes, NQO1, GCLC, GCLM and SLC7A11. Cells indicated in pink, grey and light green are NRF2-high, NRF2-middle and NRF2-low cell lines, respectively. Red highlight indicates cells that belong to NRF2-high cells but do not possess nonsynonymous mutations in the KEAP1, NRF2 or CUL3 genes. The continuous red to blue color codes represent a cell ranking according to the expression level of each NRF2 target gene, which are available in the CCLE database. Non-synonymous mutations in the KEAP1, NRF2 and CUL3 genes, which were identified in our exome analysis, are indicated. A CUL3 mutation, 567V>I, is indicated with a faint yellow color because judging from the high frequency, this mutation is likely to be a genetic polymorphism. The rightmost column indicates the histology type of a tumor, from which each cell line was derived. ADC, adenocarcinoma; ADSC, adenosquamous cell carcinoma; LCC, large cell carcinoma; NSCLC, non-small-cell carcinoma without detailed information; SCC, squamous cell carcinoma CUL3-KEAP1-mediated ubiquitination of NRF2, resulting in the persistent stabilization of NRF2. Non-synonymous NRF2 mutations were detected most frequently in squamous cell carcinoma, as previous study reported. 12 Non-synonymous mutations found in a few cell lines with low NRF2 activity were interpreted as functionally silent mutations.
| Mutation signatures of non-small-cell lung cancer cell lines with high NRF2 activity but without non-synonymous mutations in the genes KEAP1, NRF2 or CUL3
We noticed that 9 NRF2-high NSCLC cell lines (NCIH2122, RERF-LC-MS, NCIH1623, NCIH1435, SKMES1, MOR-CPR, NCIH1437, NCIH2087 and NCIH2030; shown in red characters in Figure 1B) did not possess non-synonymous mutations in the coding regions of the genes KEAP1, NRF2 (NFE2L2) or CUL3. To further characterize the genetic alterations of the 9 cell lines, we first examined the KEAP1, NRF2 (NFE2L2) and CUL3 loci in more detail by collecting single nucleotide polymorphisms (SNP) in these loci that were detected in only NRF2-high NSCLC cell lines (Figure 2A No SNP that satisfied the criteria were detected in the CUL3 F I G U R E 2 Genetic features of 9 NRF2high NSCLC cell lines without mutations in the CUL3-KEAP1-NRF2 pathway. A, Summary of SNP detected in the KEAP1, NRF2 (NFE2L2) and CUL3 genes. In Figure  1B , 9 cell lines were identified as NRF2high cell lines without non-synonymous mutations in the KEAP1, NRF2 (NFE2L2) and CUL3 genes: NCI-H2122, RERF-LC-MS, NCI-H1623, NCI-H1435, SKM-ES-1, MOR-CPR, NCI-H1437, NCI-H2087 and NCI-H2030. Non-exonic SNPs detected in these 9 cell lines are summarized in the bottom row. B-D, Non-exonic SNP detected in only the 9 NRF2-high NSCLC cell lines in the KEAP1 (B), NRF2 (C) and CUL3 (D) loci. SNP localized in extended promoter regions, which included 1000 bases upstream of the TSS, were marked with filled diamonds (♦). SNP localized in cis-regulatory regions, which were defined by DNase-seq (Z score > 1.64) of the NCI-H460 cell line in the ENCODE database, were marked with filled circles (•) regulatory region ( Figure 2D ). These SNP might influence the mRNA levels of the KEAP1 and NRF2 genes, leading to increased NRF2 accumulation and activity.
As for 1 of the 9 NRF2-high NSCLC cell lines, RERF-LC-MS, a homozygous 3-bp deletion in the BTB domain of KEAP1 (p.G119_ M120>V, COSM2812645) has been registered in the Catalogue of Somatic Mutations in Cancer (COSMIC) database. We detected the same deletion in RERF-LC-MS cells, although with low calling accuracy (data not shown). This deletion may contribute to the increase in NRF2 activity via impairment of KEAP1 function in RERF-LC-MS.
We next explored non-synonymous mutations in other oncogenic pathways, which might explain the increased NRF2 activity in the absence of apparent non-synonymous mutations in the KEAP1, NRF2 and CUL3 genes (Figure 3) . The most frequently mutated gene in the 88 NSCLC cell lines was TP53 (70/88, 79.5%).
The ALK (46/88, 52.3%), ROS1 (46/88, 52.3%) and EGFR (44/88, 50.0%) genes were also highly mutated in our analysis, but these genes were mutated in approximately 21% (ALK), 13% (ROS1) and 13% (EGFR) of NSCLC samples in the COSMIC database (cell lines v87). In the 9 NSCLC cell lines without non-synonymous mutations in the KEAP1, NRF2 and CUL3 genes, TP53 (6 cell lines; shown in parentheses), ALK (6 cell lines), ROS1 (6 cell lines), and EGFR (5 cell lines) were also frequently mutated. RET (5 cell lines) and ATM (5 cell lines) were also relatively frequently mutated. However, mutations unique to the 9 NSCLC cell lines were not found in these oncogenic pathways.
A previous study demonstrated that oncogenic mutations in KRAS and BRAF upregulate the transcription of NRF2. 13 These mutations were detected in approximately one-third of 88 cell lines irrespective of the NRF2 activation status, suggesting that KRAS and BRAF mutations do not explain the elevated NRF2 pathway activity in the absence of mutations in the KEAP1, NRF2
and CUL3 genes. Other mechanisms, such as the accumulation of the p62/SQSTM1 protein, [14] [15] [16] fumarate 17, 18 and iASPP 19 and exon skipping of NRF2, 20 might be present as causes for NRF2 pathway activation.
| T-Met analysis of cell lysates and the culture supernatants of the 52 non-small-cell lung cancer cell lines
To justify the classification of NSCLC cell lines into three groups according to the expression levels of 4 representative NRF2 target genes, we conducted T-Met analysis using 52 NSCLC cell lines: 20 NRF2-high cells, 13 NRF2-middle cells and 19 NRF2-low cells ( Figure 4A ). Metabolites in cell extracts as well as culture supernatants of the 52 cell lines were quantified, and those whose F I G U R E 3 Alterations in the oncogenic pathways in 88 NSCLC cell lines other than the CUL3-KEAP1-NRF2 system. The numbers of cell lines with nonsynonymous mutations in the respective genes are shown. The numbers not in parentheses indicate cell line numbers out of the 88 NSCLC cell lines. The numbers in parentheses indicate cell line numbers out of the 9 NRF2-high NSCLC cell lines without mutations in the CUL3-KEAP1-NRF2 pathway concentration showed a positive or negative association with NRF2 activities were selected (Table S5 ). The metabolomic signatures were mostly consistent with those in our previous study. 8 Glutathione and its precursor γ-glutamylcysteine were elevated in NRF2-high NSCLC cell lines, which is likely caused by enhanced glutathione synthesis by NRF2 ( Figure 4B ,C, upper left panels). Glutamate was low in the cell lysates, whereas glutamate was high in the culture supernatants of NRF2-high NSCLC cell lines ( Figure 4D , upper left panels). This is because NRF2 activates xCT, an antiporter of cystine and glutamate, resulting in the increased export of glutamate.
F I G U R E 4 T-Met analysis of 52 NSCLC cell lines using CE-TOF/MS. A, Lists of 19
, 13 and 20 cell lines selected from the 88 NSCLC cell lines with low, middle and high NRF2 activities, respectively, according to expression rankings of the 4 NRF2 target genes shown in Figure  1B . NSCLC cell lines in each category are further stratified by histology types; ADC, adenocarcinoma; LCC, large cell carcinoma; SCC, squamous cell carcinoma and others. B-D, Metabolites that were significantly changed in cell lysates and culture supernatants according to the activity of NRF2. Three classes (low, middle and high) are made by using expression rankings of the 4 NRF2 target genes. Box plots indicate relative metabolite concentration in total 52 NSCLC cell lines and in those of each histology type. Boxes represent the interquartile range (IQR) between first quantile (Q1) and third quartiles (Q3). Lines inside the boxes represent the median, whiskers denote the lowest and highest values within 1.5 × IQR from the Q1 and Q3, respectively, and dots represent outliers beyond the whiskers. Scatter plots represent associations between metabolites in cell lysates and those in culture supernatants. The correlation coefficients were calculated using Spearman's method When the 52 cell lines were stratified according to the histological type of NSCLC, these tendencies were similarly observed for those derived from adenocarcinoma and large cell carcinoma but not very clear for those derived from squamous cell carcinoma ( Figure 4B ,C, lower left panels; Figure 4D , upper right panels), although cell lines derived from large cell carcinomas and squamous cell carcinomas were not sufficient in number for the precise statistical evaluation.
We also examined the association of these metabolites between cell lysates and culture supernatants ( Figure 4B ,C, upper right panels; Figure 4D, lower panel) . Glutathione was mainly present in lysates, whereas γ-glutamylcysteine did not show specific tendencies.
Their concentrations in lysates and supernatants were not statistically significant. In contrast, glutamate concentrations in lysates and supernatants were negatively correlated, which was statistically significant; this is consistent with NRF2-mediated activation of xCT, which exports glutamate.
| G-Met analysis of the culture supernatants of 18 non-small-cell lung cancer cell lines
Our previous study suggested that the immune response is suppressed in tumors of NRF2-activated cancer cells and implicated F I G U R E 5 G-Met analysis of 18 NSCLC cell lines using UHPLC-QTOF/MS and LC-FTMS. A, Immunoblot analysis of NRF2 in 18 NSCLC cell lines. Lamin B was detected as a loading control. NRF2-high and NRF2-low cells are shown in red and green, respectively. B and C, Box plots of metabolites significantly higher (B) or lower (C) in the culture supernatants of NRF2-high NSCLC cell lines than in those of NRF2low NSCLC cell lines according to expression rankings of 4 NRF2 target genes. Boxes represent the interquartile range (IQR) between first quantile (Q1) and third quartiles (Q3). Lines inside the boxes represent the median, whiskers denote the lowest and highest values within 1.5 × IQR from the Q1 and Q3, respectively, and dots represent outliers beyond the whiskers. Analytical modes using a C18 column or HILIC column in positive ion mode and negative ion mode are shown on each graph as C18 pos, C18 neg, HILIC pos and HILIC neg. LPA, lysophosphatidic acid; PC, phosphatidylcholine; TG, triglyceride that NRF2 is likely to help cancer cells evade anti-tumor immunity. 9 Among the various communications between cancer cells and their microenvironments, we were particularly interested in metabolites that were consumed from and excreted to their microenvironments by cancer cells. Cancer cells and non-cancer cells in their microenvironments compete for a specific metabolite, and, alternatively, cancer cells excrete a specific metabolite to instruct the cells in their microenvironment. Recent studies have revealed that metabolic competition and metabolic instruction are major strategies for cancer cells to modulate their microenvironments. [3] [4] [5] To identify metabolites uniquely exported from NRF2activated cancers and those uniquely consumed by NRF2activated cancers, we conducted exploratory metabolomics (ie, G-Met analysis) using culture supernatants of 18 NSCLC cell lines; 11 of NRF2-high cells and 7 of NRF2-low cells were selected from the 88 NSCLC cell lines ( Figure 5 and Table S6 ). NRF2 accumulations were verified in the 18 NSCLC cell lines; NRF2 protein levels were, indeed, high and low in NRF2-high and NRF2-low cells, respectively ( Figure 5A ). Lipids and their derivatives accounted for a major portion of the differentially detected metabolites. For example, N-acetylsphingosine-1-phosphate ( Figure 5B L-Cysteinylglycine disulfide, which is an oxidized form of a dipeptide derived from the breakdown of glutathione, was higher in NRF2high cells than NRF2-low cells ( Figure 5B ; panel xi), reflecting the enhanced glutathione synthesis in NRF2-high cells. Another dipeptide, phenylalanyl-arginine, was excreted from the NSCLC cell lines with low NRF2 activity but not from those with high NRF2 activity ( Figure 5C ; panel i), implying that NRF2-high cells do not excrete dipeptides, but, rather, might utilize them more efficiently than NRF2-normal cells.
A significant elevation of hypoxanthine was detected in the culture supernatants of NRF2-high cells in two independent measurement methods: C18-negative mode and C18-positive mode (Figure 5B , panels v and xii). This is consistent with our previous results showing that purine nucleotide synthesis is enhanced in NRF2-high cancer cells. 8 Although it is not easy to interpret the biological meanings of all metabolites in the culture supernatants, they are candidates for novel biomarkers that indicate the activation status of NRF2.
| Association study of the transcriptome and metabolome of 18 non-small-cell lung cancer cell lines
In our efforts to speculate on the synthetic pathways and biological roles of the differentially accumulating metabolites in the culture supernatants of NRF2-high NSCLC cell lines, we conducted RNAseq analysis of the abovementioned 18 NSCLC cell lines (listed in Figure 5C ) and examined the association between the metabolites and transcripts ( Figure 6 and Figure S1 ).
We examined the transcriptome of the 18 NSCLC cell lines that were used for the G-Met analysis. Correlations between the abundance of the differentially accumulating metabolites (Table S6 ) and the expression levels of metabolism-related transcripts were analyzed ( Figure 6 and Table S7 ). Among the metabolites that were Figure 6 , panel i). Hypoxanthine, which has a purine structure, was positively correlated with TALDO1 ( Figure 6 , panel ii). This is reasonable considering that TALDO1 is directly activated by NRF2 and is involved in the pentose phosphate pathway, 8 which supplies ribose for de novo synthesis of purine nucleotides. Although the rest of the associations between the metabolites and transcripts are not easy to interpret (Figure 6 , panels iii-v), they may provide unique clues to clarifying the biological roles of these metabolites and their contributions to cancer malignancy with further analysis.
Finally, we compared clustering patterns based on metabolomic and transcriptomic signatures of the 18 NSCLC cell lines (Figure 7) . 
| D ISCUSS I ON
This study described comprehensive metabolic profiling of NSCLC cell lines according to the NRF2 activation status. Because NRF2 activity is mainly determined by the regulation of protein stability rather than by the transcription level of the NRF2 gene, the expression levels of the NRF2 target genes are more appropriate for evaluating NRF2 activity than the mRNA abundance of NRF2 itself. The approach of this study is unique in that NSCLC cells are categorized according to the NRF2 activation status and their metabolic profiles are described using culture supernatants in addition to cell lysates, which allows us to understand dynamic metabolite movement across the plasma membrane. This study provides novel information about the metabolic impacts of NRF2 in NSCLC cell lines on their extracellular fluid.
Non-synonymous somatic mutations of the KEAP1, NRF2 and CUL3 genes are frequently observed in cancers that occur in the lungs, bladder, head and neck, and are recognized as major causes of the persistent activation of NRF2, especially in NSCLC. 21, 22 This study suggests the presence of alternative mechanisms that induce the activation of the NRF2 pathway in NSCLC cell lines. Mutations in the regulatory regions might be one of the causes for altered expression levels of the KEAP1, NRF2 and CUL3 genes, resulting in increased NRF2 activity. To verify the functional significance of these mutations, genome editing technology could be used to reverse the mutations to determine whether the expression levels of the respective genes are changed. Other possible mechanisms would be accumulation of a protein that interferes with the interaction between KEAP1 and NRF2, such as p62/SQSTM1 14, 15 and iASPP/PPP1R13L, 19 exon skipping of the NRF2 gene that generates N-terminally truncated NRF2 lacking a KEAP1-interaction domain, 20 and increased levels of endogenously produced electrophiles. 17, 18 There might be other causes that are still unknown.
An interesting feature of the metabolic profile of NRF2-high NSCLC cells is that various lipid metabolite levels are changed; the levels both increase and decrease in the presence of persistently activated NRF2, suggesting that NRF2 may be involved in lipid metabolism. Indeed, a previous paper reported that NRF2 promotes fatty acid oxidation. 23 We also observed that the NRF2-activated cancer model exhibits upregulation of enzymes catalyzing prostaglandin metabolism. 9 As lipid mediators were reported to modulate the activity of anti-tumor immunity, 24 the NRF2-mediated enhancement of lipid mediator production may help NRF2-activated cancer cells evade anti-tumor immunity.
Another feature is that xenobiotic metabolites, which might have been derived from the ingredients and supplements of the culture medium, are increased in their culture supernatants. Because NRF2 directly activates genes encoding various detoxifying enzymes, elevated xenobiotic metabolites are likely to reflect the increased detoxification capacity of NRF2-activated NSCLC cells. If a substrate and metabolite pair, which is specifically catalyzed by an enzyme regulated by NRF2, is available, then the metabolic rate of the substrate would be utilized as a surrogate marker of NRF2-activated NSCLC or, in a more general context, the NRF2 activation status in the body. NRF2-activated NSCLC exploits a unique metabolism for proliferation, tumorigenesis and therapeutic resistance. NRF2 redirects glucose and glutamine to anabolic pathways, including purine nucleotides and serine 8, 25 , activates cystine-glutamate antiporter xCT to uptake a large amount of cystine at the expense of glutamine, and relies on the glutamine transporter SLC5A1 to compensate for the loss of glutamine. 26 As described above, glutaminase inhibition is effective for the suppression of NRF2-activated NSCLC 26 ; a unique metabolic signature is a favorable therapeutic target displaying selective toxicity towards NRF2-activated NSCLC.
This study described genetic, transcriptomic and metabolomic signatures of multiple NSCLC cell lines and extracted common features of those with high NRF2 activity. For better understanding of NRF2 roles in NRF2-high NSCLC cells, NRF2 function needs to be examined in isogenic conditions. Nevertheless, this study provides potentially invaluable information for the exploration of new metabolic nodes that are unique to NRF2-activated NSCLC for the development of anticancer drugs that are effective for improving the clinical outcome of NRF2-activated NSCLC patients.
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